A stack consisting of atomic layer deposited (ALD) aluminum oxide (Al 2 O 3 ) and hexagonal boron nitride (h-BN) is proposed and demonstrated as the sensing layer of extended gate ion-sensitive field-effect transistors (EG ISFETs) in this work. The use of h-BN in the sensing stack is to suppress the voltage drift during pH measurement because of a low defect level inside the two-dimensional (2D) h-BN. The use of Al 2 O 3 in the sensing stack is to improve the pH sensitivity due to the chemical inertness of h-BN and the resultant low sensitivity. A low-power oxygen plasma treatment on the surface of the h-BN flake is employed to obtain a uniform and high-quality Al 2 O 3 layer on top of h-BN. The influences of Al 2 O 3 thickness in the Al 2 O 3 /h-BN sensing stack on the sensitivity and drift characteristics of 2D EG ISFETs are investigated. It is found that the EG ISFET with molybdenum disulfide (MoS 2 ) field-effect transistor (FET) and Al 2 O 3 /h-BN sensing stack with 5 nm thick Al 2 O 3 provides a pH sensitivity of >50 mV/pH while at the same time exhibiting a low drift value of ∼4 mV/h. Moreover, a pH sensing resolution of 1.54 × 10 −3 pH is extracted by using low-frequency noise measurement. All these suggest the Al 2 O 3 /h-BN stack as a highly promising sensing stack for high-sensitivity and low-drift ISFETs.
INTRODUCTION
Since its invention, the ion-selective field-effect transistor (ISFET) and its derivatives have found wide applications ranging from pH measurement in electrolyte solutions 1,2 to biomolecules detection 3, 4 and DNA sequences. 5, 6 Many different semiconductors have been researched as channel of the ISFETs. Among them, one-dimensional (1D) nanostructural semiconductors such as SNWs (silicon nanowires) 7, 8 and CNTs (carbon nanotubes) 9,10 provide high sensitivity thanks to their outstanding electrostatics. However, the 1D nature providing outstanding gate controllability to the channel also brings with significant challenges in fabricating 1D nanostructural semiconductors. The recent emergence of two-dimensional (2D) semiconductors such as transition metal dichalcogenides (TMDs) makes themselves promising candidates as the channel of ISFETs because of their ultrathin layer and resultant excellent electrostatics, tunable bandgaps, and high carrier mobility. Moreover, the extended gate (EG) ISFET consisting of a 2D FET and sensing layer is promising for flexible applications. ISFETs made on 2D MoS 2 FET have been demonstrated with a near-Nernst limit pH sensitivity of ∼59.6 mV/pH by using HfO 2 as the sensing layer. 11 ReS 2 FET 12 was also reported to form an EG ISFET with Al 2 O 3 as the sensing layer. To achieve a higher pH sensitivity, different attempts, like the dual gate device structure, have been applied for ISFET to achieve a super-Nernst pH sensitivity. 13−17 However, it has been reported that the theoretical lower limit of pH resolution does not improve for double-gated sensors. 18 Though the use of high-k metal oxides as sensing layer may provide high sensitivity, they likely suffer from obvious drift during pH measurement. The drift originating from the sensing membrane is believed due to slow response mechanisms, which includes diffusions of ions from electrolyte into the high-k sensing layer, 19 and the slow surface mechanism. 20 For 2D FETs with high-k insulator, it is reported that the trapping/detrapping of carriers from FET channel at the traps of high-k oxide 21 is the main cause of the NBTI, which may also contribute to the drift of ISFETs. Hence, highquality sensing films with little ions diffusion and low defects level are vital to obtain a low drift value in ISFETs made on 2D FETs.
On the other hand, along the development of 2D MOSFETs, it has been found that 2D hexagonal boron nitride (h-BN) is effective as either gate dielectric or passivation layer to suppress the charge trapping/detrapping and improve the stability of the 2D MOSFETs, 22, 23 thanks to its bond free surface, high crystalline quality, and few defects. Moreover, ions may diffuse slower along the out-of-plane directions in layered 2D materials in comparison to that along interplanar direction. 24−26 Both a slow ion diffusion into layered h-BN material and a low defects level inside 2D h-BN will likely benefit the drift of ISFETs that use it as the sensing membrane. However, the nearly bond-free surface, chemical inertness, 27 and hydrophobic nature 28 of h-BN may prevent it from exhibiting a high pH sensitivity, as that reported in the ISFET made on 2D graphene material. 29 It has been reported that by coating a layer of Al 2 O 3 (2 nm) or Ta 2 O 5 (2 nm) on graphene can tune its pH sensitivity from a very low level, about 6 mV/ pH, to a pH sensitivity <20 mV/pH. 29, 30 Such a pH sensitivity is still far less than the Nernst limit and is mainly due to the incomplete coverage of Al 2 O 3 or Ta 2 O 5 on graphene. Special treatments, typically an additional seed layer, 30−32 have been developed to obtain a high quality Al 2 O 3 layer on top of graphene.
In this work, we propose and demonstrate an Al 2 O 3 /h-BN stack as the sensing layer to form the EG ISFET together with 2D MoS 2 Figure 1b shows the optical microscope image of one fabricated EG ISFET device. The MoS 2 FET uses graphene flakes as the source and drain contacts and h-BN as the gate dielectric. MoS 2 , h-BN, and graphene flakes were mechanically exfoliated on top of 90 nm SiO 2 /p ++ Si substrates. A dry transfer 12 method was used to transfer and form the h-BN/MoS 2 and graphene/MoS 2 stack on the glass substrate. The thicknesses of graphene, MoS 2 , and h-BN flakes were measured to be ∼6, ∼5, and ∼10 nm, respectively, by atomic force microscopy (AFM) for the device in Figure 1b . In the sensing part, a h-BN flake was transferred onto the top of a graphene flake which had been mechanically exfoliated on top of a glass substrate. The thicknesses of h-BN and graphene flakes in the sensing part were measured to be ∼10 and ∼6 nm, respectively, for the device in Figure  1b . The sample was then annealed at 200°C for 2 h in a 10% H 2 /Ar ambient atmosphere. After the transfer of 2D flakes, the contact quality between 2D flakes is checked by the optical microscope, and only the samples with good 2D flake contact are used for the following fabrication steps. Following this, source/drain metallization and the extended gate metallization were formed by using electronbeam lithography patterning, deposition of 5 nm Ti and 30 nm Au by using the thermal evaporator, and the lift-off process. The graphene under the h-BN was connected to the gate electrode of 2D MoS 2 FET. Next, a low-power O 2 plasma (40W, 30 sccm, 1 min) treatment was performed only on the h-BN surface, with other parts protected by photoresist. After the photoresist was removed in acetone solvent, a thin layer of 5 to 20 nm thick Al 2 O 3 was deposited on top of the plasma-treated h-BN by using ALD at 150°C, followed by an annealing process at 450°C for 1 h in the 10% H 2 /Ar ambient atmosphere. Finally, all areas were protected by a 2 μm thick SU8 photoresist layer, except the pH sensing window and the metal pad of the source/drain.
2.3. Testing Setups. Before the pH sensing tests, a polydimethylsiloxane (PDMS) chamber was adhered on the samples with the EG ISFETs, as shown in Figure 1c . The PDMS chamber was fabricated by mixing two precursors of PDMS in a Petri dish with molds and followed by annealing at 60°C for 2 h. The PDMS chamber was then aligned with the sample under the optical microscope and adhered on top of the sample firmly by using epoxy glue. The sample solutions with different pH values were prepared by adding HCl or KOH into the commercial PBS 
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Article (phosphate buffered saline) buffer solution, and the pH values were recorded by a commercial pH meter. A silver/silver chloride (Ag/ AgCl) reference electrode was used as the fluid gate of the ISFET in pH sensing tests. Current−voltage (I−V) characteristics of the devices were measured on a probe station by using the HP4155C semiconductor parameter analyzer. For noise measurements, the setup is shown in Figure 1a . The source terminal of the ISFET device was dc coupled to a SR570 low-noise current amplifier. The output of the SR570 is fed into a HP 35670A dynamic signal analyzer to obtain the low-frequency noise spectra. All the tests were performed at room temperature and in the dark.
RESULTS AND DISCUSSION
It has been reported that direct deposition of ultrathin and uniform Al 2 O 3 layer on top of 2D film by the ALD method is not guaranteed, unlike on other bulk materials. 33 This is because of the dangling bond-free surface of the 2D material and the weak adsorption of ALD precursors on the 2D surface. 33 During the initial cycles of ALD deposition, the ALD precursors prefer to adsorb on and grow from sites with surface defects and at the edges of the 2D material laterally. 32 As a result, the ALD grown ultrathin Al 2 O 3 layer on top of 2D film is usually nonuniform, and many pinholes may exist. In this work, an oxygen plasma treatment on h-BN was performed before ALD deposition. It has been demonstrated that a lowpower oxygen plasma treatment will create more surface bonds and defects on h-BN surface 34 and thus form more nucleation sites for ALD precursors and make the subsequent ALD reaction easier. The low-power plasma treatment is chosen to make sure only the surface of h-BN is affected. Figure 2d shows the Raman spectra of the h-BN film before and after O 2 plasma treatment and ALD deposition of 5 nm thick Al 2 O 3 . The Raman peak remains at the same location of ∼1372 cm −1 after O 2 plasma treatment and ALD deposition of Al 2 O 3 . This implies that the crystal structure of the h-BN flake is not affected by the low-power oxygen plasma treatment and ALD deposition of Al 2 O 3 . All these demonstrate that an ultrathin and uniform Al 2 O 3 layer is formed on top of the h-BN film. Figure 3a shows the leakage current density characteristic of the 5 nm thick Al 2 O 3 -coated h-BN sensing structure in electrolyte solution with pH of 7.60. A bias was applied to the 
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Article reference electrode, and the graphene underneath the h-BN is grounded as shown in the inset. The leakage current density remains at a low level of <10 −12 A/μm 2 within the voltage bias range of −3 to 3 V. The low leakage current of the sensing structure implies its high insulating quality. Figure 3b Figure 4a shows the pH sensitivity as a function of Al 2 O 3 thickness for the device with Al 2 O 3 /h-BN sensing film. From our previous study, the device with h-BN sensing film shows a low pH sensitivity of ∼1−5 mV/pH. 35 The low pH sensitivity is very likely due to the nearly bondfree surface, chemical inertness, 27 and hydrophobic nature 28 of h-BN sensing film. For the sensing stack with 5 nm Al 2 O 3 film, a pH sensitivity of 50 mV/pH is obtained. When the thickness of Al 2 O 3 film further increases from 5 to 20 nm, pH sensitivities increase slowly and remain above 50 mV/pH. The pH sensitivity of the Al 2 O 3 /h-BN sensing stack is comparable to that of Si ISFET with Al 2 O 3 36 sensing layer and much higher than those of 2 nm Al 2 O 3 /graphene 29 20, 37, 38 Low-frequency noise (LFN) is of importance in determining the pH sensing limit of the ISFET. Figure 5a shows the power spectra of current noise (S ID ) of the EG ISFET using top gate MoS 2 FET and 5 nm thick Al 2 O 3 coated h-BN sensing film, with V DS fixed at 1 V, pH value of 7.60, and V GS varying from −2.4 to 2 V. The testing frequency ranges from 1 to 100 Hz. The background noise is 1 or more decades lower than those from the tested device. From Figure 5a , it is clearly seen that the noise of the device fits well with the 1/f (1/frequency) characteristics under different V GS . The peaks at frequencies of 50 and 100 Hz of the noise spectra are interferences from the 
Article mains power supply. To further characterize the influence of pH value of the solution on the noise characteristics of the tested EG ISFET devices, the power spectra of the current noise S ID under different pH values of 3.29, 7.60, and 10.77 are tested as shown in Figure 5b , at the same drain current I DS of 2.2 μA and with V DS fixed at 1.0 V. The S ID spectra show similar 1/f behavior and little changes under solutions with different pH values. This is consistent with the theoretical study of ISFET noise showing that without ion exchange at the solid/electrolyte interface the electrolyte part only leads to an extra thermal noise, and the LFN (low-frequency noise) mainly comes from the device channel part. 39, 40 The gate voltage noise (S VG ) is defined as S ID /g m 2 , where the transconductance g m = ∂I DS /∂V GS . The signal-to-noise ratio (SNR), which is defined as g S / m ID , is used as a figure-ofmerit to examine the smallest value of analyte concentration that a sensor can detect. 41 Figure 5c shows the extracted S VG and SNR as a function of V GS at 10 Hz. The voltage noise S VG first decreases at a voltage ranging from −2.8 to −1 V and then increases gradually from −1 to 2.0 V. The highest SNR of 1.2 × 10 4 V −1 in 1 Hz bandwidth is achieved at 10 Hz, a commonly used sampling rate in tests, at V GS of −0.8 V and V DS of 1 V. The pH sensing resolution limit of the EG ISFET, derived from 1/(SNR × sensitivity), 42 is calculated to be about 1.54 × 10 −3 pH, which is comparable to those reported in ReS 2 ISFET 12 and Si nanoribbon ISFET. 42 low drift value of ∼4 mV/h. Moreover, a pH sensing resolution of 1.54 × 10 −3 pH is extracted by using LFN measurement. All these suggest that the Al 2 O 3 /h-BN stack is a highly promising sensing layer for high-sensitivity and low-drift ISFETs. 
CONCLUSION
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